We study the smectic director structure of the rodlike liquid crystal 4-n-dodecyl-4Ј-cyanobiphenyl ͑12CB͒ confined in cylindrical cavities of 200 nm diameter in porous alumina templates by means of combined broadband dielectric spectroscopy, optical birefringence, and neutron scattering measurements. We show that the collective molecular orientation differs between entering the smectic A phase upon cooling from the isotropic state and entering the same phase upon heating while melting the confined crystal. We discuss this collective molecular realignment in terms of a competition between weak planar anchoring at the p-Al 2 O 3 / 12CB interface and a preferred texture typical of the crystallization of rodlike molecules in nanochannels ͑Bridgman growth͒.
I. INTRODUCTION
Liquid crystals ͑LCs͒ confined in porous materials have long been shown to exhibit exceptional structural and dynamical properties, resulting from an intricate balance between topological, interfacial, finite-size, and disorder effects. Recently, we have studied both structural and dynamical behavior of a series of calamitic LCs belonging to the family of cyanobiphenyls ͑nCB, with 7 Յ n Յ 12͒ confined in 10 nm cylindrical pores of porous silicon ͑pSi͒ ͓1-5͔. These studies have revealed in all cases the prevalence of quenched disorder effects on the phase transitions leading to a confined smectic state. On the contrary responses to other topological or interfacial parameters strongly depend on the molecular length. In the case of 8CB, a unidirectional geometry of the porous template induces a dominant anisotropic field that drives the Isotropic to Nematic transition from first order to continuous ͓4͔. On the other hand, the strong nematicsmectic coupling characteristic of 12CB seems to make this molecular compound much less susceptible to such lowdimensional external fields ͓2͔. In addition, the molecular dynamics of both compounds ͑self-diffusion and rotational modes͒ seems to respond differently to interfacial or local structural conditions ͓5,6͔.
The reasons for such different behavior remains up to now unclear, as the geometry of pSi bears some cumulated structural particularities ͑small diameters, unidirectionality, disordered pore wall͒ that can induce overlapping effects hard to disentangle. For instance, the crystallization of lamellar phases of n alkanes or n alkanols in pSi provides a prototypical illustration of the interplay between nucleation at the pore wall and growth mechanism strongly influenced by the unidirectional pore geometry ͑Bridgman growth͒ ͓7-9͔. It is remarkable that the low temperature state diagram of LCs confined in pSi is also very rich, showing new and sometimes coexisting metastable crystalline states ͓3͔, some of them textured and aligned with respect to the principal axis of the porous structure. The topological similarity between lamellar and smectic phases suggests that the Bridgman process could also play an important role during crystallization of LCs in cylindrical nanocapillaries.
The aim of the present study is to focus on 12CB confined in porous alumina ͑p-Al 2 O 3 ͒ membranes. This choice allows to confine the LC in pores with the same cylindrical geometry as pSi but with a larger diameter and a much more regular shape, hence making the system less dominated by anisotropic orientational fields or quenched disorder. This system has been shown to display unexpected collective reorientation of its smectic phase director field after thermal treatments involving crystallization ͓10͔. After a brief review on the experimental techniques we used, we report complementary results describing the smectic ordering of 12CB confined in p-Al 2 O 3 over the extended temperature range where the Isotropic to Smectic transition and crystallization occur. These results are then discussed and compared to existing literature, with a special attention paid to interfacial properties related to the anchoring strength of the LC, and the crystal growth mechanism.
II. MATERIALS AND EXPERIMENTAL DETAILS
A. Materials 4-n-dodecyl-4Ј-cyanobiphenyl ͑12CB͒ was purchased from Synthon GmbH and used without further purification. This liquid crystalline compound displays the following bulk phase sequence: isotropic ͑I͒ for T Ͼ 331 K ; smectic A ͑SmA͒ for 331 K Ͼ T Ͼ 305 K and crystalline for T Ͻ 300 K. Anopore alumina ͑p-Al 2 O 3 ͒ membranes were purchased from Whatman, Inc. Their porous structure consists in a parallel arrangement of closed packed cylindrical pores * Also at Laboratoire Léon Brillouin, CEA Saclay. of nominal diameter ϳ200 nm, and length of 55 m ͑see Fig. 1͒ . 12CB was confined in Anopore layers by simple capillary impregnation from the liquid phase in a vacuum chamber under vapor pressure at 333 K.
B. Broadband dielectric spectroscopy
Broadband dielectric measurements were achieved using a Novocontrol integrated system including a Novocontrol ␣-A impedance analyzer ͑frequency range 0.1-10 6 Hz͒ and an Agilent E4991A impedance analyzer coupled to a coaxial reflectometer ͑frequency range 10 6 -10 9 Hz͒. The temperature was controlled by a cold nitrogen gas flow cryostat. No particular surface preparation of the electrodes was attempted prior to experiments on the bulk LC. As a consequence, the orientation of bulk smectic phases with respect to the electric field were essentially random, and the dielectric signal powder averaged. Experiments on Anopores were carried out with the electric field parallel to the channel axis.
C. Optical birefringence
We used a modulated optical polarization technique for the accurate determination of the phase retardation R between two perpendicularly polarized components of light transmitted through the samples. The high resolution is achieved by applying an optical photoelastic ͑PEM-90͒ modulator in a dual lock-in detection scheme in order to minimize the influence of uncontrolled light-intensity fluctuations ͓4,11͔. After passing the sample the laser light intensity ͑ = 632.8 nm͒ was detected by a photodiode and two lock-in amplifiers, which simultaneously determined the amplitudes of the first ͑U ⍀ ͒ and second ͑U 2⍀ ͒ harmonics, respectively. The phase retardation by the sample R = arctan͓U ⍀ J 2 ͑A 0 ͔͒ / ͓U 2⍀ J 1 ͑A 0 ͔͒ was measured for an incident angle Ϸ 40°͑here J 1 ͑A 0 ͒ and J 2 ͑A 0 ͒ are the Bessel functions corresponding to the PEM-90 retardation amplitude A 0 = 0.383 ͒. For such a tilted sample geometry the conversion of the retardation R to optical birefringence ⌬n was performed by numerically solving Bereks compensator formula ͓12͔. For the measurements on bulk 12CB, we used a 40 m thick glass cell containing homeotropically aligned LC.
D. Neutron scattering
Confined samples were made by stacking 4 alumina membranes in a cylindrical vanadium cell of internal diameter 20 mm. The temperature control was achieved with a resolution of ϳ0.1 K in the range 250-310 K ͑respectively, 290-380 K͒ using a nitrogen cryoloop ͑respectively, furnace͒. Diffraction experiments were carried out on the G6.1 spectrometer at the Léon Brillouin Laboratory ͑CEA Saclay͒. This two axis spectrometer is characterized by a multidetector covering an angular range of 5.5°Յ 2 Յ 147°. The samples were exposed to a cold neutron flux ͑3 ϫ 10 6 neutrons cm −2 sec −1 at ambient pressure͒, selecting an incident wavelength of 4.74 Å by means of a pyrolytic graphite monochromator. The alumina membranes were macroscopically oriented with respect to the incident beam, in order to probe momentum transfer vectors either parallel or normal to the pores axis ͑see Fig. 2͒ . The smectic A phase of 12CB is characterized by a single observable Bragg peak located at 0.15 Å −1 . Figure 3 shows the temperature scan of the dielectric loss at a fixed frequency, comparatively measured on bulk and confined 12CB. For the bulk LC, clear discontinuities of Ј are observed. The first one ͑on cooling͒ appears at T IA = 331 K and corresponds to the Isotropic to Smectic A transition. The second one shows for the bulk a large temperature hysteresis characteristic of crystallization/melting ͑bulk melting temperature: T m Ϸ 318 K͒. While the I-A transition oc-FIG. 1. ͑Color online͒ Scanning electron microscopy images of the commercial Anopore alumina membranes used for this study. ͑a͒ Surface view ͑scale barϭ100 nm͒. ͑b͒ Side view ͑scale bar ϭ1 m͒.
III. RESULTS AND DISCUSSION
FIG. 2. ͑Color online͒ Neutron diffraction geometry: the sample is rotated in the diffraction plane by an angle s with respect to the incident neutron beam ͑k i ͒. s is defined as 0 in pure reflection geometry ͑in grazing incidence, Q is approximately parallel to the pores axis͒.
curs at almost the same temperature for the bulk and confined sample, the melting temperature of the crystal phase appears very depressed for the confined sample ͑T m conf Ϸ 305 K͒, with only slight hysteresis. This suggests that the crystal state reached in p-Al 2 O 3 differs from the bulk one ͑and might be metastable͒. Interestingly, a significant difference is observed between the absolute values of Ј measured on cooling and on heating in the confined smectic phase
In order to gain information on this difference, the dielectric response was measured at T = 325 K in the smectic phase obtained from cooling the isotropic phase ͑Fig. 4͒. For both bulk and confined samples, it reveals an important conductivity contribution at low frequency, in addition with two main relaxation modes well separated in the megahertz to gigahertz range. They appear quite similar in the bulk and confined state, which suggests that the average alignment of the molecular dipoles is similar in both cases ͑smectic director parallel to the electric field͒. Similarly to previous experiments on other liquid crystals like 10CB ͓13͔, 8CB ͓14,15͔ or E7 ͓16͔, we can tentatively assign those two modes to reorientations around the short molecular axis and tumbling relaxations. These two relaxations are expected to dominate when the electric field is parallel to the LC director. In the case of the confined sample, an additional mode of lower dielectric strength appears in the kilohertz region ͑marked by an arrow in Fig. 4͒ . As it is only observed for 12CB in p-Al 2 O 3 , it might correspond to the response of interfacial molecular layers, which are known to give rise to similarly weak and broad contributions in the 10 3 -10 4 Hz frequency range ͓15͔.
The insert of Fig. 4 shows an expansion of the highfrequency zone and compares the dielectric spectra of the confined sample in its smectic phase obtained either by cooling from the isotropic phase or heating from the crystal phase. Clearly, the strength of the lower frequency mode is significantly reduced after melting the crystal phase and the position of the peak maximum appears shifted to higher frequency. The lowering of Љ is consistent with a decrease in the molecular population aligned with the p-Al 2 O 3 pores axis. This would suggest that part of the smectic ordering occurs after crystal melting with a director perpendicular to the electric field. Such molecular population would then be expected to contribute to the dielectric loss through different molecular relaxations or librations than in the previous case ͓13͔, and therefore contribute also at different frequencies.
In order to determine the exact contributions of interfacial or inner-pore domains, optical birefringence and neutron scattering experiments were achieved, probing respectively the orientational ͑nematic͒ and the translational ͑smectic͒ orders in the system. Figure 5 shows the temperature dependences of the optical birefringence measured on 12CB confined into p-Al 2 O 3 . All the measurements have been performed at slow cooling ͑⌬n c ͒ or heating ͑⌬n h ͒ ramps of about 0.05 K/min. Pretransitional effects are clearly absent above T IA conf . The isotropic to SmA phase transition is accom- panied by a practically jumplike change of ⌬n c ͑⌬n h ͒. Such behavior may be explained by relatively small effective surface fields due to substantially large pores diameter in the p-Al 2 O 3 matrix. Practically temperature independent small negative onset value of ⌬n c ͑⌬n h ͒ in the isotropic phase may be attributed to a form and/or strain birefringence and remains beyond our interest in this study. At lower temperatures the birefringence magnitude of 12CB imbibed into p-Al 2 O 3 is positive, and about 50% of the birefringence magnitude in bulk 12CB ͑not shown͒, which roughly scales with the porosity P. For this reason one may conclude that at cooling from the isotropic phase the molecular alignment in SmA phase of confined and bulk 12CB are compatible with each other, hence with a dominance of axial ordering. At T s = 295.5 K, the transition from SmA-to-solid phase takes place, which is accompanied by a strong light scattering. Upon heating from the solid to the SmA phase ͑T m = 304.5 K͒, the birefringence ⌬n h in the SmA phase is roughly twice smaller comparing to ⌬n c and has an opposite sign: the axial alignment is not recovered, in agreement with the broadband dielectric data.
Depending on the nature of the molecular anchoring at the p-Al 2 O 3 pores surface, different spatial distributions of the LC director fields can be consistent with the optical observations, assuming the molecular order is essentially perpendicular to the pores axis. If the anchoring is homeotropic, it is known for nematics that the director field can develop perpendicular to the pore wall in a radial way, leading to equilibrium or metastable structures known as planar radial ͑PR͒, planar polar ͑PP͒, or escaped radial ͑ER͒. On the other hand, a planar molecular anchoring at the wall will promote nematic structures such as planar circular ͑PC͒, circular planar polar ͑CPP͒, or escaped circular ͑EC͒ ͓17-23͔. Although some of these configurations might not be compatible with the smectic order due to elastic bend frustrations, they provide possible solutions in the case of 12CB in p-Al 2 O 3 . Some of them are sketched in Fig. 6 . Kralj and Zumer ͓24͔ have discussed the relative stability of smectic-A structures in cylindrical cavities, and shown that ER configurations could be stabilized in the case of strong homeotropic anchoring. From an experimental point of view, Jin et al. proposed that 12CB confined in p-Al 2 O 3 could experience different anchoring transitions depending on thermal treatment and atmospheric conditions ͓10͔, and suggested that 12CB showed rather a weak anchoring strength. Iannacchione and co-workers also found that a strong homeotropic anchoring of 12CB in p-Al 2 O 3 was promoted only in the case of inner porous surface chemical treatment ͓25͔. While the large positive value of ⌬n c suggests a dominant planar-axial contribution, the also rather large negative value of the birefringence ⌬n h is on the contrary consistent with a very low amount of axial smectic alignment.
Indeed, the dielectric constant s = n s 2 of the sample of porosity P can be evaluated in the frame of the standard Bruggeman effective medium approximation ͓26͔ by n s 2 = ͑1 − P͒n 2 in the middle of the plateau. The slight departure from this condition with temperature can be assigned to the temperature evolution of the LC order parameters ͑and consequently the factor K͒.
Additional information on the actual translational order is needed to understand more deeply the nature of the observed transition in the director field. Figure 7 shows the rocking curves measured by neutron diffraction at the position of the smectic peak ͑Q = 0.15 Å −1 ͒. These curves are obtained by recording the intensity of the peak while rotating the sample normal with respect to the incident beam by an angle s . s = 0 corresponds to Q vectors approximately parallel to the pores axis. After cooling from the isotropic phase, the rocking curve reveals two contributions centered around s =0 and s = −90°, corresponding respectively to a dominant population of smectic directors aligned with the p-Al 2 O 3 pore axis, together with a minor contribution of smectic directors aligned perpendicular to it. Such population ratio is consistent with the positive and large value of the birefringence ⌬n c . As untreated Anopores are rather expected not to promote strong molecular anchoring ͓25͔, the bimodal population observed by diffraction is more likely due to an inhomogeneous mixture of smectic orientations with a dominant planar-axial configuration, rather as a homogeneous escapedradial structure ͓10͔.
After cooling down to crystallization, the rocking curve reveals that the smectic ordering only occurs perpendicularly FIG. 6 . ͑Color online͒ Model smectic director structures in a cylindrical pore ͑smectic layers are marked by dashed lines͒: ͑a͒ Planar circular ͑PC͒, with planar anchoring, ͑b͒ planar axial ͑PA͒, with planar anchoring, and ͑c͒ escaped radial ͑ER͒ with homeotropic anchoring.
to the pores axis. This preferential orientation is maintained after melting the crystal back to the smectic phase, in contrast to the orientation obtained on cooling from the I phase ͑see Fig. 7͒ . Here again, this provides a direct observation of a director structure transition induced by a preferential crystalline order within the p-Al 2 O 3 cylindrical pore geometry. This overall scenario is finally confirmed by the inspection of the smectic peak lineshape. The insert of Fig. 7 shows a narrow ͑resolution limited͒ peak when cooling from the isotropic phase, indicating a long range ordered structure consistent with the least distorted dominant planar-axial population. On the contrary, the peak appears slightly shifted and much broader after heating from the crystal phase, which suggest a distorted or defective smectic structure. Clearly, this observed collective reorientation of the smectic director is induced by crystallization. Although the crystal structure in p-Al 2 O 3 is not known, the results support an interpretation in terms of highly anisotropic crystal growth process, for which the fast mode would coincide with an in-plane direction of the smectic layers and propagate along the p-Al 2 O 3 pores axis. Such Bridgman-type growth mechanism is typical of narrow capillaries, and has been observed to prevail down to lowest pores diameters in confined n alkanes and n alkanols ͓7-9͔.
IV. CONCLUSION
We studied the occurrence of smectic order of 12CB confined in the cylindrical pores of Anopore p-Al 2 O 3 membranes ͑nominal 200 nm diameter͒. The structure of the director field appears different when the SmA phase is entered on cooling from the isotropic phase or by melting the lowtemperature crystal phase. Although many metastable director field configurations can thermodynamically accommodate a low-dimensionality cylindrical geometry of large enough diameter, the combination of a panel of experimental techniques provides complementary results in favor of a transition from a inhomogeneous mixture with dominant planaraxial contribution ͑cooling from I phase͒ to a smectic alignment exclusively perpendicular to the pore axis ͑heating from the crystal͒. These observations are essentially in agreement with previous nuclear magnetic resonance studies ͓10͔. At high temperature, the smectic ordering is likely to be promoted in the isotropic phase by the presence of a solid interface, which can act as a nucleation site at the first-order I-SmA transition. As untreated p-Al 2 O 3 essentially promotes planar anchoring, a planar-axial structure is then favored when cooling below T IA conf . However, as the anchoring strength is weak for 12CB, this planar structure is not pure. Upon crystallization, a Bridgman-type crystal growth mechanism with a fast mode in the direction of the pores overcomes the weak interfacial energy contribution, and acts as a seed to a perpendicular alignment of the smectic layers upon melting.
This evidence of a weak anchoring strength of 12CB on untreated alumina surfaces might reveal a key parameter if this property is maintained in other porous materials of much smaller diameters ͓2-5͔ for which the structural and dynamical properties of the confined phases will be dominated by the solid/LC interface. FIG. 7 . ͑Color online͒ Neutron diffraction rocking curves of 12CB confined in p-Al 2 O 3 at 320 K and at the smectic peak position Q = 0.15 Å −1 after cooling from the isotropic phase ͑triangles͒, at 297 K and Q = 0.25 Å −1 in the crystal phase ͑squares͒, at 320 K and Q = 0.15 Å −1 after melting the crystal phase ͑circles͒. Insert: Diffraction profile of the smectic peaks measured on cooling from the I phase ͑triangles͒ or melting the crystal phase ͑circles͒.
